Abstract Tungsten was exposed to pure Ar or Ne plasmas over 1550 K at several incident ion energies. Even under the irradiation condition that the tungsten nanostructure is formed by He plasma irradiation, holes/bubbles and fiberform nanostructures were not formed on the surface by exposure to Ar or Ne plasmas. In addition, the results from energy dispersive X-ray spectroscopy supported the facts that Ar and Ne did not remain in the sample. We will discuss the reason for the differences in the damage to the tungsten surface exposed to noble gas plasmas.
Introduction
Tungsten (W) is a candidate for plasma-facing materials in future fusion reactors due to its high melting point, low neutron activation cross-sections, and low tritium retention [1] . In spite of these advantages, it is known that helium (He) holes/bubbles [2∼4] and fiberform nanostructures [5∼7] are formed on W surfaces by the exposure to He plasma even when the incident ion energy is less than the threshold energy of sputtering. Recently, experiments in the linear diverter simulator NAGDIS-I [8] and II [9] revealed the formation condition of the nanostructure in terms of the surface temperature and incident ion energy. It has been reported that the W nanostructure is formed easily when the surface temperature is in the range of 1000∼2000 K and the incident ion energy is higher than 20 eV [10, 11] . In tokamaks, neon (Ne) and argon (Ar) are introduced to plasmas for radiative cooling. In consideration of the nanostructure formed by He irradiation, it is suspected that those noble gases also have a potential to form irradiation damage such as bubbles and nanostructures. However, those irradiation effects are not yet fully understood. Thus, it is of importance to investigate the interaction between noble gas plasmas and W.
In this study, we will show W surfaces exposed to noble gas plasmas under various irradiation conditions in terms of the surface temperature and incident ion energy. In addition, we will discuss the differences in the damage on tungsten surfaces exposed to noble gas plasmas.
Experimental methods
Powder metallurgy tungsten disks (Nilaco. Co.) of 5 mm in diameter were used for the experiments. The polished specimens were irradiated with noble gas plasmas in the linear divertor plasma simulator NAGDIS (NAGoya DIvertor Simulator)−II. The surface temperature of the specimens was measured with a radiation thermometer. In order to control the incident ion energy to the samples, the samples were electrically biased with respect to the vacuum chamber. Moreover, the plasma parameters were measured with a Langmuir probe. The conditions of W irradiation are summarized in Table 1 , the specimens are hereafter denoted as W1∼W5, respectively. Concerning the incident ion energy, the energies for specimens W1 and W2 were under the sputtering energy threshold, while that for W3 was over the sputtering energy threshold. Moreover, the ion energies in W4 and W5 exceeded the displacement threshold energy. Additionally, irradiation conditions of specimens W1∼W4 correspond to the ones in which the W nanostructure was easily formed by He plasma irradiation. After irradiation, the surface was analyzed with scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive Xray analysis (EDX). Fig. 1(d) . W1 was irradiated with Ne plasma, and W2 and W3 were irradiated with Ar plasma. The incident ion energies were (a) 30 eV, (b) 30 eV, and (c) 45 eV. The incident ion energies of W1 and W2 were below the threshold energies for physical sputtering of W by Ar and Ne, which are 33 eV and 35 eV, respectively. The incident ion energy for W3 was over the threshold energy for physical sputtering of W by Ar. Note that the energy for all the samples in Fig. 1 was lower than the displacement energy. In Fig. 1(a) , crystal grain boundaries are clearly seen. The grain size is about 10 µm. However, holes/bubbles and fiberform nanostructures cannot be observed on the surface. In Fig. 1(b) and (c), crystal grain boundaries are also observed. The grain sizes in Fig. 1(b) and (c) are almost similar to that in Fig. 1(a) , which is about 10 µm. Because the surface temperature was higher than the recrystallization temperature, recrystallization occurred during the irradiation. Additionally, in Fig. 1 (b) and (c), rough surfaces were probably formed by the sputtering process. Although holes/bubbles and fiberform nanostructures are not observed on the surface, it is sometimes difficult to identify the holes/bubbles nanostructures from SEM when the sizes are small. To investigate the damages due to irradiation further, TEM analysis was conducted. Fig. 3(a) and (b), respectively. Fig. 4(b) is a darkfield image, while the TEM images shown in Fig. 2 and Fig. 4(a) are bright-field images. W4 and W5 were irradiated with Ar plasma. The incident ion energies for W4 and W5 were 100 eV and 200 eV, respectively. Those incident ion energies were over the displacement threshold energy for W by Ar bombardment, which is ∼75 eV [12] . Fig.3 (a) and (b) show the SEM micrographs of W4 and W5, respectively. The incident ion energy is higher than the threshold for displacement threshold energy for Ar, which is ∼75 eV
In Fig. 3(a) and (b), crystal grain boundaries are clearly seen. The grain sizes for W4 and W5 are approximately 10 µm, which is almost the same as those in the low energy irradiation cases shown before. The rough surface was formed on the surfaces of W4 and W5 in the similar manner as in Fig. 1(b) and (c). The rough surface was probably formed by the physical sputtering. Indeed, during the experiments, a viewing port close to the specimen became significantly darkened, because the sputtered tungsten layer was deposited on the viewing port.
In Fig. 4(a) , holes/bubbles and fiberform nanostructures were not observed. In Fig. 4(b) , although no bubbles are seen on the surface, many white spots representing displacement damage are observed. The thickness of the layer including the damages, which are 1∼5 nm in diameter, is ∼10 nm. Those damages were not observed in Fig. 4(a) . Fig. 4(a) and (b) show the cross-sectional TEM micrographs of the samples shown in Fig. 3(a) and (b) , respectively. (a) is a bright-field image, while (b) is a dark-field image (color online) Fig. 5 shows the cross-sectional SEM micrograph of W4, which was exposed to Ar plasma at 1650 K and 100 eV with the Ar fluence of 2.8×10 25 m −2 . Fig. 6 shows the compositional analysis of W4. EDX spectra were taken at two different depths, represented with the lines in Fig. 5 marked A and B . The position A corresponds to the depth of 3 nm, which is close to the plasma irradiated surface. Meanwhile, position B corresponds to the depth of 115 nm, which represents the feature of bulk tungsten. EDX spectra show Ar, Mo, C, and W peaks. The presence of Mo was likely due to the sample holder of EDX, which is made of Mo. The O and C peaks are higher near the surface compared with those from the bulk. The presence of Oxygen was likely due to oxidation layer of specimen surface. Because A is close to the irradiated surface, the O peak on A was higher than that on B. Carbon might be adhered to the tungsten surface when being contacted with atmosphere. The Ar peaks at positions A and B were about the noise level and much smaller compared with W peak. Therefore, the EDX result indicates that sufficient amounts of Ar remained in the sample. 5 Cross-sectional SEM micrograph of W4, which was exposed to Ar plasma. Position A corresponds to the depth of 3 nm, which is close to the plasma irradiated surface. Meanwhile, position B corresponds to the depth of 115 nm, which may represent the feature of bulk tungsten (color online) Fig.6 EDX spectra taken from the line area regions marked A and B in Fig. 5 . In this figure, the spectrum of A was shown as a filled area, while the line spectrum corresponds to the spectrum for B (color online)
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Discussion
In this study, Ar or Ne plasmas irradiated W with the surface temperature over 1550 K and at several incident ion energies between the sputtering threshold energy and the displacement energy. The Ar and Ne plasma irradiations lead to significantly different results from He plasma irradiation, which forms tungsten nanostructures on the surface. It is thought that there are three causes for the different results: a. penetration depth of the irradiated ions, b. diffusion process of atoms, c. trapping process to a vacancy. Here, by calculating the penetration depth, we will discuss the process a.
We performed a binary collision approximation (BCA) simulation for He, Ne and Ar ion injection. The atomic collision in amorphous target (ACAT) code [13, 14] is employed for the BCA simulation. In the simulation, amorphous tungsten is prepared for the target materials, because the ACAT code treats only amorphous structures. For each ion species (i.e., He, Ne, or Ar), 100000 ions with fixed incident energy are injected vertically into the tungsten target. The vertical distance between the surface of the tungsten and the final position of the ions in the target material is measured in the simulation. Fig. 7 shows the incident energy dependence of the mean depth for He, Ne, and Ar from the ACAT code. This figure shows that the mean depth is proportional to E 1/2 , where E is the incident energy. Also, the mean depth of He is greater than those of Ne and Ar.
In Fig. 7 , the penetration depth of Ar ions irradiated at 20 eV and 200 eV were 0.2∼0.3 nm and 1 nm, respectively. For bcc tungsten, which has a lattice constant of ∼0.32 nm, the distance of 0.2∼0.3 nm and 1 nm corresponds to approximately one atomic layer and three atomic layers, respectively. In addition, the penetration depth of He ions irradiated at 20 eV was 1 nm, which was equivalent to three layers. Experimentally, it is recognized that incident energy of 20∼30 eV is necessary to form tungsten nanostructures, and the penetration depth at that energy is likely to be several atomic layers, though the calculation in the low energy range is not so accurate in the present simulation. Thus, the penetration of ions to several atomic layers might be critical for the significant bubble formation and the formation of fine structures on the surface. The differences in the irradiation effects between He and Ar/Ne may be attributed to the fact that the penetration depths for Ar and Ne are much shorter than that for He when the incident energy is low. Because the penetration depth is so short, Ar and Ne atoms could be released from the surface rather than diffusing into the deeper region of material. If the penetration depth plays an important role in causing the morphology change, the difference between the necessary energy for sufficient penetration and the sputtering energy will be critical. For He, the necessary energy for penetration to several atomic layers would be lower than the sputtering energy, while the necessary energy would be higher than the sputtering for Ar and Ne. Thus, significant sputtering could dominate the surface morphology change rather than forming fine structures on the surface for Ar and Ne. However, the present discussion is mainly focused on penetration depth, and inclusion of the diffusion and trapping processes is necessary to conclude the key physics that cause the difference.
Conclusion
In the present study, W with surface temperatures over 1550 K was exposed to pure Ar or Ne plasmas with several incident ion energies. Even under the irradiation condition under which tungsten nanostructures can be formed by He plasma irradiation, holes/bubbles and fiberform nanostructures were not formed on the surface by exposing to Ar or Ne plasmas. When exposed to Ar or Ne plasmas, the surface becomes rough; probably due to physical sputtering. When the energy is sufficiently higher than the threshold displacement energy, significant displacement damages were formed on the surface. The thickness of the damaged layer was ∼10 nm. We discussed the mechanism that caused the differences in the morphology changes of the tungsten surface exposed to noble gas plasmas based on the calculation of the penetration depth. For He irradiation, several tens of eV, which corresponds to the threshold energy for the formation of nanostructures, results in the penetration depth of several atomic layers. On the other hand, for Ar and Ne, the penetration depth would be much shorter than that for He. It is thought that the difference in the penetration depth leads to the capturing process of irradiated atoms inside the material. However, further investigation by taking into account the diffusion processes and trapping process of irradiated ion species is required. Considering that the materials are subjected to neutrons in actual reactors, it is also of interest to investigate the interaction of noble gas with W, which was irradiated by neutrons.
